Abstract
Farklı termofiziksel özelliklere sahip metallerin tel elektro erozyon ile işlenmesinde performans parametrelerinin optimizasyonu
Introduction
The diffuculties of WEDM can be defined as high surface roughness, low MRR, wire breakage and bending, lateral cut gap size and dimensional differences. All these problems are depending on choosing suitable input parameters such as pulse on time (T on ), pulse off time (T off ), average servo voltage (V a ), wire feed (f w ), discharge current (I) and wire tension (t w ) [1, 2] . The remarked input parameters are also specify the desired machining performance values like MRR and Ra. This evaluation process is best determined by a comparative experimental study. Generally, MRR, Ra and f w increase with the increment of Va, discharge current, and T on during WEDM process [3] [4] [5] [6] . Until now, many studies have been conducted on the effect of electrical processing parameters on the machining performance. Goswami and Kumar (2014) , studied MRR, surface integrity and wire wear rate in WEDM of Nimonic 80 A alloy. Higher currents have expanded the melting zone and wider and deeper craters on the surface are observed [7] . Torres et al.(2015) analyzed the effect of I, Ton, duty cycle and servo voltage making statiscal regression in machining of Inconel 718 and expressed that, current for electrode wear and T on have significant influence on surface roughness [8] . Bobbili et al. (2015) , presented a comparative study of armour materials such as Al7017 and rolled homogeneous armour (RHA) steel applying "buckingham pi theorem" to model the input variables and thermo-physical characteristics of WEDM on MRR and Ra of Al 7017 and RHA steel. It has been interpreted that; MRR is higher in machining metal with low melting temperature and specific heat and also formation of deep and large craters increases with a higher current and larger pulse-on time [9] . In a study in which the squeeze cast A413 alloy was cut with WEDM, the agreement of ANOVA analysis and experimental results showed that the most influential parameters of MRR and Ra are T on , T off , peak current (IP) values [10] . In a study of Ti6Al4V alloy cut with WEDM; when the values of Ton, Toff, I, Va, fw and tw increase, the cutting width is increased and also the increment of Ton, Va, water pressure and fw increase the MRR is declared [11] . In a study in which statistical analysis and experimental studies were evaluated together, it was emphasized that the most effective parameters on MRR and Ra are discharge current and T on [12] [13] [14] [15] [16] . The thermophysical properties of the workpiece, plays a important role in affecting the EDM process. Therefore, the electrical and thermal conductivity, specific heat capacity, are of great importance. These thermophysical properties are very relevant to the melting and scaling temperatures of the material. In general, metals with lower melting temperatures can machine easily. The thermophysical properties of the materials are expressed by an important variable called thermal diffusivity (α) shown in heat equations (1) and (2) [17].
Where; "α" symbolizes the ratio of the thermal conductivity "k" to the product of mass density "U" and specific heat "c p " called the heat capacity and measures the conductive thermal energy according to the storing ability of thermal energy of a material. By Eq. 3, erosion amount can be calculated since the melting temperature is durable (T s ) [18] ; here the input values of EDM are symbolized like as, specific heat capacity c p (J/(kgK), thermal conductivity of material k (W/(mK), arc duration t d (µs), derosion front temperature T s (K), initial temperature T o (K) density ρ (kg/m³), latent heat of melting H m (kJ/kg) and voltage U (V). So in general erosion models, these thermo properties are not dependent on temperature, and researchers have assumed these values to be constant. Though, these properties are depending on the temperature changes and machining performance accuracy influences of that. For example, the thermal conductivity and specific heat properties of pure copper changes for temperatures up to 3500 K [19] . When the copper liquid is converted, the thermal conductivity is significantly changed since the specific heat increases to the melting point and remains relatively constant thereafter. Different materials exhibit different behaviors in response to changes in temperature during processing in the direction of their thermophysical properties, and these properties can vary widely [20] . In addition, another formula developed by Palatnik on the machinability (erosion wear resistance) of conductive metals with EDM (Eq. 4) clearly demonstrates the effect of these properties on the erosion ability.
Although EDM machining is an excellent manufacturing technique for electrically conductive metals, the work done on this field is rapidly increasing day by day. However in EDM, workpiece conductivity is very important because the spark means the discharge of electrons. Electrons move faster in good conductors. In this regard, it is very important that rapid dissipation of heat over a large area due to the thermal resistance value of the workpiece during the discharge where the spark falls. Because this affects the MRR and the crater sizes that will form on the surface. Therefore, in this study three metals with different conductivities and melting temperatures were processed to compare the effect on MRR and Ra values.
Experimental study and Grey relational analysis
Since EDM is a manufacturing technique in which shaping is realized by thermal energy, so it is a definite opinion that the values of MRR and Ra will be different because of generated sparks at the same current level. These sparks remove different amounts of material where it falls. Because all metals and alloys have different thermal resistance, electrical and thermal conductivity. However, which previously known to be effective of physical and mechanical properties of the workpiece material in selecting the processing parameters, make reliable data bank for the pre-processing estimation of the performance output values. The presentation of experimental data in the catalogs of the manufacturer's firms, as the value of the customer processing, provides the user with great convenience. Thus, parameter selection will become easier in shaping thousand kinds of metal alloys with EDM. Therefore, in this study; Cu, Al and HSS metals with different melting temperatures, modulus of elasticity, electrical conductivities and thermal conductivities were selected especially for the purpose of comparing the processing performances. These specific features of these metals are listed in Table 1 . During the experiments, the process parameters selected are pulse duration (T on ), pulse-interval (T off ), servo voltage (SV), wire tension (t w ) and wire feed (f w ) to achieve desired performance characteristics material removal rate (MRR) and surface roughness (Ra). These parameters were selected in the range of values for these three different metals which recommended by the machine manufacturer and shown in Table 2 . In choosing the processing parameters of these three different materials, the values suggested by the machine manufacturer are taken into consideration. However, since the processing performance of three metals with different melting temperatures, electrical conductivities and elasticity modulus are compared in the study, so that highest values which recommended for HSS metal by the company software are used in three materials processing. Table 2 gives the levels of various parameters for each materials proposed by the WEDM manufacturer. Values marked with an asterisk in the Table 2 are selected for the three metals. Machinings were performed on the Sodick SLC600G brand WEDM machine ( Figure  1 ). As the samples, 20x200mm square bars were used, obtained from the market. 0.25mm diameter brass wire was used in cutting operations. In all processes, the water pressure is fixed at 55 bar. In order to get the appropriate and accurate results, the design of experiments technique is used to get data. Taguchi L27 orthogonal array experimental designs of three levels were selected for the materials and the experiments were conducted. Hence an Grey relational analysis and regression were used for selecting appropriate process parameters to achieve desired MRR and Ra through multi-objective optimization. Grey analysis is the estimation of the conditions under which the desired output parameters will give the best result in experimental studies. It is generally desirable that the MRR is high and the Ra is low when evaluating manufacturing process performance outputs. Therefore, in statistical studies if the number of outputs is more than one, it is best to use these values in the ascending or descending order calculations. Since this is possible with grey relational analysis, the optimal machining performance outputs of the three different metals in this study were evaluated simultanously as maximum MRR and minimum Ra. The interaction between processing parameters and processing performance can be found using Grey analysis. In such experimental processes of manufacturing, interpretation and evaluation can be carried out freely, with some experiments being ignored, rather than complete experiments. In this case, some input variable factors can be neglected. Also, if the output of the input factors is different, ie a part of the outputs can change to a decreasing fraction, the Grey analysis is an ideal approach to evaluate the results multiple times. As a result, Grey relational grade coefficient (Γ) can use multiple performance datas together with three different calculation styles.
(1) Higher is the better (HB):
(2) Lower is the better (LB):
:
where x i *(k) is the normalized data matrice components of Grey analysis, min x i (0) (k) is the minimum value of performance outputs (MRR or Ra) data series, max x i (0) (k) is the maximum value of performance outputs (MRR or Ra; x i (0) (k)) data series and x i (0) is the desired or pre-specified value. In this analysis, the relationship between the output values produced and the input values is expressed by "Grey relational grade coefficient Γ". Here x 0 (k) the and x i (k) are shown like below:
x 0 (k)= x 0 (1), x 0 (2), …x 0 (n) (reference series) (8)
Then, the Grey grade coefficients can be found out by Eq.(10) and the overall grey relational grade values by Eq.(11) [16, 22, 23] . Absolute value of difference between x 0 and x i is defined as "∆ oi (k)".
Where 1) i=1,….,m, k=1,….,n, j∈i
Here "φ" is the distinguishing coefficient with φ∈[0, 1], and generally φ= 0.5 is used [16, 22, 23] .
The brass wire with 0,25 mm diameter was used as the tool in the processes. For processes performed with the L27 test design (Table 3) . MRR (mm 3 /min) and Ra (µm) values were used for performance evaluation after the operations.
Results and discussion
MRR is an important perfomance scale which always desired most higher. MRR depends on mainly thermophysical properties of the workpiece rather than its hardness. Excess temperature increase in the plasma channel leads to discharge of material. Removal of the material is due to instantaneous evaporation caused by melting. The molten metal is partly removed and mixed with the dielectric fluid. So the temperature and its convection is so important in EDM. Table 3 shows MRR and Ra values determined from the processing of copper, aluminum, and HSS metals with WEDM. When the results are examined in general; the highest processing speed and the lowest surface roughness have been achieved in the processing of copper. In the processing of HSS metal, MRR is larger than aluminum processes but Ra is lower. If these three metals are to be compared, the smallest processing speed and the roughest surfaces are obtained in the processing of aluminum, followed by HSS and Cu, respectively. According to Eqs. 3 and 4, as the specific heat, the coefficient of thermal conductivity, the density and the melting temperature increase, the resistance of the metals to EDM increases. As can be seen in Table 3 , the best machinability is followed by HSS and Al respectively. Given the thermal conductivity, density, melting temperature and specific heat capacity values of aluminum, it was expected that the MRR values would be higher than the HSS steel. But overall it was lower than HSS. In this case, it can be said that the cutting process is caused by oxidation in the water. Oxidation forms an instant, weak and insulating oxide layer on the surface of the machined surface. It is inevitable that this layer will reduce the melting effect of the surface sparks and thus the thermal conductivity. Therefore, by the water's contact over the workpiece, the uncontrolled insulation on the surface has come to fruition. This insulating layer is the experimental result that the continuity of the machinability is reduced by the effect of the plasma channel temperature and the increasing servo voltage. The continuity of the process is ensured by the breakdown of the barrier layer formed by the oxidation of Al by the plasma arc and the spark generated by the increased voltage. It is believed that with the impact force of spark and the deeper melting of the accumulating high energy, surface roughness increases over Al surface. At the beginning of the process and at any moment because of the conductivity of the water, the formation of the servo voltage and the plasma channel is continuous despite the oxidation. However, since the oxidation does not completely break down the conductivity, it is thought that the higher the energy density, the higher the processing voltage. Thus, when plasma is formed, the spark discharged on to the surface with higher force and energy and forms deep craters. In copper with the best electrical conductivity, the MRR is the largest and Ra is the smallest. Shortly, the oxidation is important.
The calculated and measured machining performance values are MRR and Ra shown in Table 3 . Firstly, 27 data of MRR are used as the reference sequence showed as x 0 (k). The L27-array values of machining parameters (Ton, Toff, SV, Ws, Wt) were set as three comparative sequence Xi(k), i=1,2,3,4,5; k=1..27. In order to calculate the three characters of Grey relational analysis: normalization matrice, absolute value matrice, grey relational coeffiecent and Grey grade calculation of the original MRR and Ra data of each sequence were calculated by Eq.5 for higher MRR and Eq.6 for lower Ra. And then the Grey relational grades for both machining parameters on MRR and Ra can be obtained by Eq.11. Those calculated Grey grade coefficient datas are shown in Table 4 . Table 6 . Average grey relational grade by factor levels (Cu, Max. MRR and min Ra). Best machining factor combination -A3B2C3D3E1* Table 7 . Average grey relational grade by factor levels (HSS, Max. MRR and min Ra). Tables 5, 6 and 7 show the best combination of treatments, calculated according to the average grey grades. Table 5 shows that A1B2C1D3E3 is the most ideal combination of processing for aluminum with the highest MRR and lowest Ra. These values are respectively Ton=13µs, Toff=30µs, SV=32V, Wf=105m/min and Wt=170N. The highest MRR and the lowest Ra for copper ideal grey combination is shown in Table 6 as A3B2C3D3E1. These values are respectively Ton=17µs, Toff =30µs, SV=32V, Wf=105m/min and Wt=150N. And in Table 7 it is seen that A1B1C1D3E3 is the best combination of the highest MRR and the lowest for Ra for HSS. These values are respectively Ton=13µs, Toff =14µs, SV=32V, Wf=105m/min and Wt=150N. It is clearly seen from Fig.2 that the machining parameters' setting of experimental run "10" for Al, run number "4" for Cu and "22" for HSS has the highest Grey relational grade. Therefore, experiment no 10 for Al, 4 for Cu and 22 for HSS is the optimal machining variables for achieving maximum MRR and minimum Ra simultaneously among all the 27 machinings. 
Conclusion
In this WEDM study, taking into account the Taguchi L27 mixed orthogonal table, 27 experiments were sufficient for the selection of ideal processing parameters for Al, Cu and HSS metals which have different thermo-physical properties. And this study also presents the effect of different thermo physical properties such as electrical and thermal conductivity, elatisite modulus, specific heat capacity, melting temperature value, density and hardness of Al, Cu and HSS metals on processing performance. The results presented below were excluded from this study. o The highest MRR values were obtained in the processing of Cu with the highest electrical and thermal conductivity. Subsequently, HSS and Al-metal processes are introduced. Normally, when the second highest MRR values were expected in the processing of Al, this was an unexpected result. This is thought to be due to the fact that the processes are carried out in an aqueous medium and, depending on it, the formation of a weak, passive and shallow oxide layer on the surface of Al which reduces conductivity. o All metals are processed in the same processing parameters. Therefore, Palatnik equation is an ideal approach of changing of MRR and Ra values according to the thermophysical properties. However, in this work the erosion ability of metals with sparks is different due to oxidation in Al. Ra values are also highest in Al. This has been determined in decreasing order of HSS and Cu metals. The specific heat capacity of an object, known as the heat required to change the temperature of the unit mass in a unit degree, is the highest metal Al in this work. This is followed by HSS and Cu, respectively, in decreasing order. Therefore, this thermophysical property caused a different volumetric removal effect on the surface with each spark falling on the surface among these three metals at the same current density. It is thought that, during the crater formation, the major part of the spark energy moves rapidly inwardly from the bottom of the molten metal causing the thermal energy loss in metals with high thermal conductivity. Because of the high thermal capacity in Al, it is believed that the spark discharge energy has undergone too much loss, so that it melts too much at the same volumetric energy density. o A metal with high heat conduction, it is thought that most of the energy for crater formation on the work surface of the spark accelerates inward from under the melted part of the metal to generate thermal energy loss.
As a result, material removal is largely influenced by the thermophysical properties of the workpiece, rather than material properties such as hardness and strength. And also the grey relational model can be extensively carried out to different manufacturing situations where performance is specified by many machining variables by various grade requirements.
